The evolution of industrial gas turbines has been a driving factor in the advancement of repair techniques for industrial gas turbine components. Turbine vane segments (also known as stationary blades, non-rotational airfoils, or nozzles) are among the many components that have been a focus for repair development. Due to increasing engine efficiencies, the design of gas turbine vane segments continues to become progressively more complex. Neoteric vanes are cast of highly developed superalloys, have complex cooling designs, and are coated with the latest generation coating systems which utilize advanced oxidation resistant bondcoatings combined with thermal barrier coatings. While advanced technologies enable these vanes to operate at the extreme hot gas path running temperatures of today's engines, they also significantly increase the level of technology required to successfully repair them. The ability to repair these components is essential to minimize the operators' life cycle cost of the gas turbine. Recoating, reestablishing of critical cooling, dimensional restoration, along with surface and structural restoration using high strength weld and braze techniques are essential for these vanes. Conventional and advanced repair techniques are key elements in the continuing evolution of industrial gas turbine component repair development. This paper will focus on a variety of Siemens' technical competencies applied during the restoration of service run vane segments for the turbine section of a gas turbine. These repair competencies and technology/service options include:
INTRODUCTION
Original Equipment Manufacturers (OEMs) are uniquely qualified as repair providers to develop and deliver component repairs which address a myriad of normal and abnormal component conditions that can affect any gas turbine. Sophisticated, highly engineered structural repairs are also developed to support the changing needs of customers. As the dynamics of the gas turbine industry continue to push material, manufacturing, and design limits, advanced repair techniques are becoming more of a necessity for successful long term turbine operation. The following approach for advanced repair development is multifaceted and reflects the advantage of an OEM to provide successful repair products and their application through value added solutions. The faceted approaches are identified as follows: Consistent Investment, Design and Service Experience, and Global Development Network.
Consistent Investment
Consistent investment is necessary to advance technologies and processes. This investment provides a basis of technology to address specific distress as well as specific alloys and coating systems. An analogy for this approach would be to identify base technologies as "tools". These tools include the entire range of repair techniques such as nondestructive examination (NDE), stripping, welding, brazing, coating, and masking for coating.
The consistent development and improvement of tools, ultimately can result in the ability to quickly apply the appropriate tools and deliver specific component repairs.
Design and Service Experience
Components are designed with criteria for service-induced distress. Analysis is used as a predictive tool for typical service distress expectations. Using these distress expectations, OEM's develop repairs to address design and overall life cycle requirements.
Knowledge of gas turbine fleet service operations is also used to develop repair solutions. This allows designers to compare design predictions with actual service distress modes. The advantage to this approach is that design models and methodology can be updated, repairs can be validated, and repair products can be tailored to meet specific component needs.
Global Development Network
A global development network is composed of worldwide repair facilities and repair development centers. Repairs are developed at a central repair development facility and validated throughout a global repair network.
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Dimensional Restoration
Dimensional restoration is applied to vanes that exhibit dimensional deviations following exposure to service conditions. Gas turbine vane dimensional restoration during repair is accomplished in a variety of ways. Methods include blending, welding and machining, as well as elevated temperature plastic strain restoration. All methods are intended to address common forms of distortion that service-run turbine vanes experience.
Some cantilevered vanes that are fixed at their outer shroud to the vane carrier have been observed to experience various common forms of distortion.
Some can experience a downstream distortion in addition to a twist that occurs due to high gas pressure loads and thermal strains. Some vanes also undergo a third type of distortion, in which the inner shroud distorts circumferentially as well as downstream and twisting. Furthermore, there can be distortion on shroud platforms due to thermal strains in which the edges of the platform far from the airfoil fillet radius move in the radial direction. The type of distortion experienced is a result of many factors, such as the base alloy material properties, geometry, vane cooling, repairs performed, and operational history.
These types of distortion are being addressed with a method to correct downstream shroud distortion, twist, and circumferential distortion simultaneously on a per-vane basis.
The method involves carefully heating the turbine vane to increase its ductility. With the vane mounted in specially designed tooling, a load is then methodically applied to the vane in such a way as to plastically strain it to meet specified dimensional requirements.
While maintaining these dimensions, the vanes are allowed to cool. Subsequent heat treatments recover material properties and dimensional stability is maintained. The goal of each of these techniques is to provide a turbine vane that has a proper engine fit.
Roll-in/Roll-out Blade Ring Exchanges
In a typical "roll-in/roll-out" blade ring exchange program, the customer provides vanes and ring segments to the repair facility prior to the outage date. Stock blade rings, isolation rings, and inter-stage seal housings are then used to form a completed blade ring assembly. The blade ring assembly is then shipped to the site prior to the outage date. During the outage, the in-service ring is removed and replaced with the refurbished ring. The in-service ring is then shipped back to the repair facility for disassembly and disposition of the customer vanes and ring segments. Title to the exchange blade ring, isolation rings, and inter-stage seals is transferred to the OEM upon disassembly.
Figure 1. Blade Ring Assembly
The potential advantages of the exchange can be two-fold: schedule risk minimization and performance enhancement. First, since the vanes and ring segments are assembled at a shop facility prior to the outage, the assembly process can remain outside of the outage critical path. This has been shown at multiple sites to save several days time during outages. Second, the inter-stage seals are to be provided with restored sealing surfaces machined to design clearances. Restoration of seal clearances as provided through blade ring and seal exchanges has been shown to restore up to 1 MW in power and 0.4% in heat rate in many cases where seal wear is present.
Coupon Repair
Sometimes, vanes experience damage in service that requires restoration of the airfoil leading edge. When this happens, the most effective way to restore the area is by physically removing the damaged section and replacing it with a pre-manufactured leading edge section, otherwise referred to as a "coupon". Coupon replacement is a common practice in the repair industry, and the leading and trailing edges are the most widely coupon repaired regions.
The leading edge coupon repair technique is used to replace severely burned, eroded, or impacted leading edges of vanes that would otherwise be scrapped or require lengthy repairs. The basic concept is to produce a portion of the leading edge airfoil identical to the original airfoil, remove the damaged area of the airfoil from the vane segment, and join the new portion to the original vane segment.
Figure 2. Turbine Vane Leading Edge Coupon Repair
There are many potential benefits of coupon repair. Fallout reduction is the primary benefit. The ability to restore vane airfoils reduces the need for replacement parts. Replacing the damaged area with a new cast section from the OEM also facilitates restoration of the vane to OEM dimensional standards so that engine performance can be maintained. Another potential advantage gained by coupon repair is the ability to quickly repair turbine vanes with severely burnt, eroded, or impact-damaged leading edges.
Braze Restoration of Cracks
Brazing in general is used for the repair of hot gas path components. It involves the use of materials with a lower melting point than the base metal to be repaired, frequently mixed in various ratios with powders close to base material composition.
The brazing process offers a number of major potential benefits, compared to the more commonly used weld repair processes. The uniform heating of the whole part can lead to a reduced risk of dimensional deviation. The braze process features a high repeatability rate. The access to the area to be repaired is not limited and the throughput is only limited by the furnace size. Moreover, a rejuvenation heat treatment of the base material can be incorporated into the brazing heat treatment. Brazing can be employed for the repair of Nickel-as well as Cobalt-based alloys.
A important consideration of braze repair is the fact that a careful control of the melting point suppressant elements is necessary to avoid the formation of brittle phases in the repaired areas. Siemens has carefully developed the brazing heat treatments in order to reduce the formation of such phases to the absolute minimum.
Two different approaches to brazing can be distinguished: overlay brazing to rebuild large surface areas (e.g. areas with oxidation or corrosion attack) and narrow gap brazing of fine thermal fatigue cracks, where the liquid braze is transported by capillary force into the crack.
Overlay Brazing
The use of overlay brazing in order to perform a surface restoration is supported by a variety of brazing supplements like pastes, tapes or pre-sintered preforms. The following picture (Figure 3) shows an example of the overlay braze of hot gas path components. The excellent bonding to the base material as well as the homogenous, dense microstructure of the braze is clearly visible.
Figure 3. Overlay Brazed Nickel-Based Alloy
Narrow gap brazing Narrow gap brazing is typically used to repair thermal fatigue cracking in turbine vanes. The quality of the braze repair depends greatly on the cleanliness of the surfaces to be brazed. While this is usually not an issue for the component's surfaces or for cracks in aircraft turbine components, it is much more difficult to adequately clean narrow cracks in land-based turbine components. Cracks in those components are generally deeper and more heavily oxidized due to the longer duty cycles at extremely high temperatures. Typically fluoride ion cleaning is employed to achieve an acceptable cleaning of the cracks. An example of a cleaned crack is shown in Figure 4 below. Mechanical cleaning has also been developed for specific applications.
Cleaned Crack

Figure 4. Cleaned Crack in Cobalt-Based Alloy
Since the removal of any residual oxides inside the crack is the basis of a high strength braze repair, Siemens uses several measures to carefully control the consistent quality of the cleaning and brazing process, such as cleaning process control samples or cut up of parts.
The narrow gap brazing process itself is performed similarly to the overlay brazing process. While in the latter a sluggish braze-base material mixture is preferred, the narrow gap brazing process relies on the presence of a liquid mixture that gives the opportunity for the capillary forces to fill the cavity. An example of successful braze repair of a thermal fatigue crack is shown in Figure 5 . The pictures show excellent filling of the crack and good bonding.
Figure 5. Cobalt Braze Bonding
For each brazing process, mechanical data is generated. This allows engineers to designate the proper application of the braze repair process.
While the conventional cast alloys are already well reflected in the Siemens repair portfolio, future applications will focus on the braze repair of the more advanced directionally solidified and single crystal alloys. Currently there are a number of programs ongoing which reflect this need. Highlights are transient liquid phase bonding or diffusion brazing of single crystal alloys.
Advanced Coating Technologies
Advancements in coating technologies that are developed for and applied to the latest industrial gas turbine (IGT) designs can provide enhancements for previous component designs. Application of advance coatings to components at repair can help reduce and/or eliminate the distress that parts exhibit at future intervals.
Repair of turbine vanes is not only an opportunity to recover from service wear, but is also an opportunity to "upgrade" or "enhance" components with the latest advancements in coating technologies, such as oxidation resistant and thermal barrier coating (TBC) systems.
OEMs have been aggressively pushing development of advanced thermal barrier coating systems to meet the ever increasing needs for reliability, availability, maintenance and engine performance of the industrial gas turbines in today's demanding market. Recent achievements in the area of oxidation resistant metallic coatings and advanced TBC's have been realized. One such metallic coating with an increased oxidation resistance that has been developed and released is SICOAT 2464. Advanced TBC's that have been developed include SICOAT 10464, which has been developed and released for increasing TBC temperature capabilities, and SICOAT 20464, which is a new, more degradation-resistant TBC with reduced thermal conductivity. Together, these new developments form the basis of a next generation of advanced coating materials to be used in OEM coated and repaired engine components designed to help extend service intervals, reduce repair costs and reduce the severity of repairs required at coating intervals. SICOAT 2464 is a metallic coating that exhibits superior resistance to high temperature oxidation (between 40 and 60 degrees Celsius temperature advantage) compared to other metallic coatings in Industrial Gas Turbines. Figure 6 shows a comparison between the beta depletion rates of the standard coating versus SiCoat 2464. In addition to enhanced oxidation resistance, SICOAT 2464 offers superior high temperature adhesion to the TBC resulting in longer TBC life in the engine. Figure 7 shows a comparison of SICOAT 2464 after long-term engine exposure tests verifying the results of increased adhesion of the TBC even under the severe conditions of a vane leading edge.
Tests on the Thermal Barrier Coating systems SICOAT 10464 and SICOAT 20464 have indicated it exhibits superior properties to the industry standard TBC's. SICOAT 10464 increased the exposure capability of the TBC and SICOAT 20464 both increased exposure capability as well as reducing thermal conductivity by greater than 30% and significantly reduced the effects of high temperature sintering. One of the advanced TBC systems was evaluated on a row 1 turbine vane after an extended test in a baseloaded engine. Figure 8 shows that there was absolutely no TBC failure as a result of this test. Utilization of these advanced TBC systems has the potential to increase component life in an engine environment.
Standard Coating
SiCoat 2464 with Standard TBC 
FUTURE TECHNOLOGIES Thermionic Cleaning
Thermionic cleaning is a technique that utilizes an electric arc to remove surface contaminants without the use of chemical cleaning agents. This is an environmentally-friendly and usersafe method that can be applied to prepare material surfaces for repair (braze or weld). Research has shown that this process cleans the base alloy surface and can improve wetting and bonding characteristics. This process has been applied in limited applications on various alloys. The expectation is that by implementing this type of cleaning process in gas turbine repair, it can help reduce generation of hazardous waste and reduce repair turn time.
Blade Repair Technology Applied to Vane Repair
Repair techniques applied to turbine blades are now being transferred to vane repair applications. The latest vane designs are cast of Nickel-based alloys, which can be difficult to repair using conventional repair technology. Some of the blade repair practices that could be applicable to vanes include elevated temperature welding and braze repair.
CONCLUSION
The latest generation of industrial gas turbines may perform under a variety of conditions including combined cycle base load, intermediate load, and peaking duty. They must have high thermal efficiency as well as meet ever more stringent environmental requirements for emissions. These challenges drive the design of the critical turbine hot parts to utilize more advanced technologies in the base alloys, cooling, and coatings. These in turn create unique challenges to the repairability of these advanced turbine components. Vanes in particular present challenges as they utilize shaped film cooling and advanced coating systems that include thermal barrier coatings.
The technologies that are discussed in this paper address the challenges of advanced industrial gas turbine blade repair. The ability to repair these components can help reduce life cycle costs for the owner of the gas turbine, as well as presenting the opportunity to introduce upgrades to the gas turbine components to help enhance durability as well as thermal performance over the life of a component.
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